A B S T R A C T There are no data available concerning total coronary blood flow to the whole heart (CBF) in man. "Effective" or "nutrient" coronary blood flow to the whole heart (MBF), supposedly a measure of flow through exchanging channels of the coronary circulation, has been measured but its validity has not been established. Accordingly, CBF and MBF were measured in 9 normal subjects, 26 patients with coronary heart disease (CHD), and 19 with noncoronary, mostly valvular heart disease (NCHD), by coincidence counting 'Rb technique. Two methods were used: single bolus (24 cases) and continuous infusion (30 cases). Various other parameters including myocardial oxygen utilization (MVO2) and lactate extraction ratio were determined.
A B S T R A C T There are no data available concerning total coronary blood flow to the whole heart (CBF) in man. "Effective" or "nutrient" coronary blood flow to the whole heart (MBF), supposedly a measure of flow through exchanging channels of the coronary circulation, has been measured but its validity has not been established. Accordingly, CBF and MBF were measured in 9 normal subjects, 26 patients with coronary heart disease (CHD), and 19 with noncoronary, mostly valvular heart disease (NCHD), by coincidence counting 'Rb technique. Two methods were used: single bolus (24 cases) and continuous infusion (30 cases) . Various other parameters including myocardial oxygen utilization (MVO2) and lactate extraction ratio were determined.
In the normal subjects CBF (386±77 ml/min) was significantly higher (P < 0.05) than in CHD (288±+124 ml/min) and NCHD (292±111 ml/min). Likewise the normal MBF (380±81 ml/min) was significantly higher (P < 0.01) than in CHD (251±105 ml/min) as well as NCHD (258±+104 ml/min). The myocardial Rb extraction ratio (ERb) was significantly lower in normal subjects (39±9%) than in CHD (50±7%) and NCHD (52±11%) and this supports the view that ERb is flowdependent.
In both CHD and NCHD there was significant diminution of MVO2 as well as CBF. In CHD this was accompanied by a significant anaerobic trend but in NCHD it was not. It might therefore appear that in CHD, MVO2 is determined by perfusion whereas in NCHD, perfusion is determined by MVO2. In comparing CBF with MBF by paired observation testing, there was no significant difference in the normals (P > 0.3), whereas the differences were significant in CHD (P < 0.01) and NCHD (P < 0.02). This was merely a reflection of INTRODUCTION Many methods have been put forward for the measurement of coronary blood flow in man but none can be considered entirely satisfactory.
Wide use has been made of techniques based on indicator substances which diffuse passively into the myocardial cell. They provide flow data which must be expressed per unit of heart muscle (unit flow) and yet cannot be accepted as true average or mean values in all circumstances. The nitrous oxide technique (1), depending on coronary sinus sampling, purports to measure blood flow per unit of heart muscle drained by this system. However, in a heterogeneously perfused organ reduced flow to certain zones may well prolong the time required for myocardial equilibration beyond the usual 10 min period of N20 breathing. Furthermore, because of the relatively high solubility of N20 in blood, even a stable arterial concentration cannot be attained within this period. Prolonged small differences in arteriovenous gas concentration become highly significant in this situation and because of this, especially sensitive techniques of measurement (which are beyond the scope of the traditional nitrous oxide method) are required (2) (3) (4) .
Thus, in the presence of coronary disease this method has tended to overestimate average flow.
Washout techniques using bolus injection of AXe (5) or 'Kr (6) require isolation of the coronary circulation either by selective arterial injection of indicator or coronary venous sampling, and thus can claim only to measure flow per unit of heart muscle perfused by, or drained by the vessel in question. The same disadvantage, that of inhomogeneity of flow both topographically and between layers, as occurs particularly in coronary disease, limits their reliability. The adequacy of delivery of the tracer to areas of below average flow is questionable. The unit flow value is not a valid average but an overestimate since the isotope clearance curve is dominated by well perfused areas. These and other difficulties inherent in the various inert gas techniques have been discussed by several authors (2) (3) (4) (7) (8) (9) .
Indicator dilution methods have been used for the measurement of coronary sinus flow (10) (11) (12) . These have the advantage of measuring absolute rather than unit flow, but nevertheless, only a fraction of the entire coronary flow is involved. If one accepts the normal values for man which have been published to date then coronary sinus flow (12) is not greater than approximately 50% of myocardial blood flow (13) (14) (15) .
By the use of substances that are actively transported into the myocardial cell, it is possible to measure whole heart blood flow. 84Rb is particularly useful in this respect since it is a positron emitter and its activity can therefore be measured by coincidence counting. This is an extremely effective method of field isolation (16) and with the use of a double coincidence counting technique the whole heart can be "separated" from its surroundings. Since the entire organ uptake of isotope is measured, all zones are represented according to their degree of perfusion. Bing et al. have developed this technique for measurement of "nutrient" or "effective" myocardial blood flow (MBF)' (17) and values for normal subjects and patients with coronary disease have been reported by them and by other investigators (13) (14) (15) 18) .
The relation of nutrient flow, which is supposedly a measure of flow through exchanging channels of the coronary circulation, to coronary blood flow (CBF), defined as the entire flow through all channels of the coronary circulation (exchanging or otherwise) is unknown. The very term nutrient flow is of uncertain validity. Its measurement by the technique of Bing et al. (17) , based on Sapirstein's hypothesis (19) assumes that the uptake of Rb+ by an organ is directly proportional to the flow through its nutrient channels and a corollary of this is that the rate of transfer of ion across the myocardial cell membrane is identical to that of the remainder of the body under all circumstances. However, it is unlikely that the Na/K pump which controls active Rb+ transport (20) (21) (22) (23) could conform to such rigid requirements; it is difficult to believe that this mechanism would not be affected by myocardial pathology. lAbbreviations used in this paper: CBF, coronary blood flow; CHD, coronary heart disease; CI, continuous infusion; CO, cardiac output; i02, myocardial oxygen extraction ratio; ERb, Rb extraction ratio; MBF, myocardial blood flow; MVO2, myocardial oxygen utilization; NCHD, noncoronary heart disease; TTI, tension-time index.
Rb has an advantage because it is actively taken up and retained within the cell and it is well suited for the application of the Fick principle to the measurement of flow.
By this means total flow through the entire coronary circulation can be measured. No data with respect to this parameter have been published and therefore we have undertaken its measurement in a series of subjects of varied clinical composition. In this study, MBF has been simultaneously measured with CBF to determine their relationship.
METHODS
Patients were studied in the course of routine diagnostic cardiac catheterization and selective coronary angiography. The investigative protocol was carried out before any steps were taken in the diagnostic routine including angiography. Patients were in a fasting state and sedated approximately 1 h previously with diazepam intramuscularly in the dose range 5-15 mg.
Our subjects were divided into three groups. Coronary heart disease (CHD). These patients had clinical and electrocardiographic evidence of established CHD and were functionally at least class II (NYHA). In all, subsequent angiograms revealed significant coronary arterial lesions (Table I) . 16 subjects had triple artery disease, 6 double, and 4 single but not less than grade 2. Three of the patients had associated valvular disease. There were 22 males and 4 females aged 52±" 8 (mean+SD).
Noncoronary heart disease (NCHD). Patients with congenital heart disease were specifically excluded. All individuals had clinical, electrocardiographic, and radiological evidence of established organic heart disease and functionally were at least class II (NYHA). The great majority had valvular disease and were being evaluated for possible surgical correction. In all, significant coronary disease was excluded by subsequent angiography and their diagnoses (Table I) were confirmed by subsequent hemodynamic study. The group consisted of 11 males and 8 females aged 54+10.
A group designated as normal. These were patients with atypical chest pain in whom diagnostic study was being carried out to exclude CHD. All of these patients had normal coronary angiograms and normal hemodynamic findings on subsequent study. Five males and four females aged 40+6 were in this group.
The principles of the 'Rb coincidence counting method of Bing et al. (17) , in essence an application of the hypothesis of Sapirstein (19) entire instrument assembly is mobile and this permits its use in the cardiac catheterization laboratory where exact placement under fluoroscopic control of both the myocardial and reference probes is effected without moving the patient. These modifications allow more effective field isolation increasing the accuracy of calibration and organ activity measurement. The first 24 patients were investigated by the single bolus method (14, 18, 24) . A catheter' was positioned approximately 2 cm within the coronary sinus and another was placed in the arch of the aorta and blood sampling was commenced at the same moment from both sites at a rate of 20 ml/min and continued for precisely 2 min, by which time the myocardial isotope level had reached a plateau. 8'Rb in a dose of 0.25 pCi/kg body weight was injected 10-15 s after the start of sampling via a catheter positioned in right ventricle or pulmonary artery. All residual activity within the entire infusion system was measured and subtracted. The arterial blood was led through a well scintillation counter set to 0.511 MeV gamma and its activity, integrated over 1-s intervals, was recorded by means of a high-speed digital printer. This information was used to calculate CO by the Stewart-Hamilton principle. The precordial activity was measured by counting 0.511 MeV gamma in coincidence mode with a 5 X 10' s time window using paired 4 inch scintillation detectors positioned over the center of the heart. When cardiomegaly was present, the crystals were placed so as to include as much of the ventricular mass as possible. Lung and chest wall activity, simultaneously measured by a similar pair of detectors positioned over the right lung, was subtracted from precordial activity to obtain myocardial uptake of 8'Rb. Counts integrated over 1-s intervals and recorded by means of the digital printer, were monitored until myocardial activity had reached a plateau which was invariably within 2 min after injection. The myocardial uptake was read at this level since it represented the stage of complete body distribution and maximum blood clearance. The dose given was assumed to be the same as the total body uptake since 98%o of Rb+ is taken up by tissues (19) . The contribution of the intracavitary component to the precordial activity can therefore be ignored as it is less than 2%o. The activity of the two blood samples was read in the well counter and the results used to calculate myocardial arteriovenous difference and hence CBF by the Fick principle. MBF was derived by the Bing-Sapirstein formula (17) .
In the last 30 patients, CBF and MBF were measured by the continuous infusion (CI) technique. Sampling catheters were placed in the coronary sinus and aorta as for the bolus technique. In addition, a catheter was positioned in the outflow tract of the right ventricle for sampling of mixed venous blood. Iostope in a dose of 0.5 gCi/kg body wt was diluted in 50 ml of normal saline and this solution was infused by means of a Harvard pump (Harvard Apparatus Co., Inc., Millis, Mass.) into the distal pulmonary artery. The interposition of the pulmonary valve is believed to have assisted in preventing contamination of the mixed venous sample by infusate. In those cases in which transseptal catheterization had been performed, the infusion was given into the left atrium. Approximately 25 ml was delivered over a period of 12-14 min and the overall infusion rate was precisely determined. The remainder of the infusate was subsequently given as part of a repeat set of determinations during cardiac pacing and these results will 'Zucker multipurpose catheter. USCI Div., C. R. Bard Inc., Glens Falls, N. Y., Cat. no. 5620. be reported separately. The mean of the differences between infusion rates during the two runs was not significantly different from 0 (P > 0.2). This degree of reproducibility implies constancy of delivery; furthermore direct testing of the system under simulated conditions showed that the infusion rate varied by less than 0.5% during a continuous 20 min run. At some point no earlier than 6 min after the start of infusion, by which time a steady state in blood concentration was expected, mixed venous, myocardial venous, and systemic arterial blood samples were drawn. Myocardial activity was measured, again after correction for lung and chest wall activity, and recorded as counts per minute integrated over 1-min periods. These results were then plotted as a function of time and a linear fit obtained by the method of least squares to derive the rate of myocardial uptake. The rate of body uptake at the time of sampling was assumed to be equivalent to the rate of infusion. From these data both CBF and CO were calculated according to the Fick principle. MBF was then derived by the Bing-Sapirstein formula (17).
8'Rb extraction ratio (ERb) is defined as (A-V/A) X
100, where A and V are respectively arterial and venous concentrations of isotope. Myocardial ERb using coronary venous concentrations and whole-body ERb using systemic mixed venous concentrations were calculated.
Separate blood samples were taken for the estimation of arterial and coronary venous lactate levels and also for arterial and coronary venous 02 content. Lactate concentration was measured by enzymatic determination (25) . Blood P02 measured with a Clark type electrode was converted to percent oxyhemoglobin saturation at 37'C (26) .
Hemoglobin was measured by the cyanmethemoglobin method. Whole blood 02 content was then calculated using methods described by Kelman and Nunn (27) . Myocardial oxygen consumption was calculated as the product of myocardial arteriovenous oxygen content difference and CBF.
Tension-time index (TTI) was calculated as the product of heart rate and the integral of left ventricular pressure with respect to time during systole.
Total heart volume was measured according to the Jonsell formula utilizing three dimensions (long, broad, and sagittal) taken from posteroanterior and lateral chest radiographs (28) .
The data on 54 patients are presented. An additional 17 patients were studied but their data are not included: in 15 CBF was not measured because coronary sinus sampling was either not satisfactory or not done at all. In two patients in which the bolus method was used, the CO measurement was not deemed reliable because of the amount of distortion of the arterial indicator dilution curve due to severe valvular insufficiency. Thus, MBF could not be estimated.
CALCULATIONS
According to the Sapirstein hypothesis (19) the ratio of MBF to CO is the same as the ratio of myocardial uptake of 84Rb to body uptake of the isotope (or dose injected). Thus, using the single bolus method:
(1) 
where 0,, is concentration of isotope in right ventricular outflow tract. Table I. CBF. In nine normal subjects CBF measured 386± 77 ml/min (mean +SD). In 26 patients with CHD the mean value measured 288±124 ml/min and in 19 patients with NCHD it was 292±111 ml/min. Using the t test for group observations CBF was significantly less than normal in both CHD and NCHD (P < 0.05).
RESULTS

Detailed findings are presented in
MBF. The mean values for normal, CHD, and NCHD were 380±81, 251+105, and 258±104 ml/min, respectively. Again, the flows in both CHD and NCHD were significantly reduced (P < 0.01). . 3) in the normals, whereas the differences were significant in CHD (P <0.01) and NCHD (P <0.02).
The situation with respect to the above flow data is summarized in Fig. 1 .
Cardiac output. The mean value for normal was 6.2+ 1.5 liters/min, for CHD, 5.1±1.8 liters/min, and for NCHD, 5.3±1.3 liters/min. The difference between normal on the one hand and CHD and NCHD on the other is of borderline significance (0.1 > P > 0.05).
"4Rb Extraction ratios. The myocardial ERb was not significantly affected by the method of delivery of isotope; to whit the mean value of myocardial ERb in 23 cases in which the CI method was used was 51±9% whereas in 22 cases studied by bolus method it was 56+ 10% (P > 0.1). Since the latter method was used in only two cases in the normal group, all nine normals are excluded from this comparison.
The findings detailed in Table II are confined to the CI studies since whole-body ERb data were available only in those cases. In the normal group the myocardial and whole-body ERb values were 39±9 and 39±10%, respectively. The corresponding values in CHD were 50±7 and 55±10%; and in NCHD were 52±11 and 59±16%. The myocardial: body ERb differences were significant in the latter groups (P < 0.05) by paired t testing.
Myocardial as well as whole body ERb values were significantly lower in the normal group compared with CHD (P < 0.01) and NCHD (P < 0.02).
Myocardial oxygen utilization (Fig. 2a) . Mean arterial oxygen content values in ml/100 ml were: normal, 17 .4±3.8; CHD, 17.8+2.5; NCHD, 17.0+1.7. These are normal levels.
In the normal patients mean myocardial oxygen utilization (MVO2) was 43.2±11.5 ml/min; in CHD it was 32.0±13.4 ml/min. This difference is statistically significant (P < 0.05). In NCHD the value was 29.9±11.3 ml/min which is also significantly lower than normal (P < 0.01).
Myocardial lactate extraction (Fig. 2b) Not infrequently however, flow is not free; we were obliged to reject several patients from the series because the sampling rate was either erratic or too low.
In deference to these objections the single bolus technique was supplanted by the CI technique in the last 30 patients. Since this allowed the measurement of CO by the Fick method, its accuracy and therefore that of MBF was not affected by possible errors due to the presence of valvular reguritation. For the estimation of CBF, only single samples of 5 ml size were needed. It should be realized that relative to the bolus technique, that of CI is relatively invasive, even if limited to measurement of MBF; it is more complicated and each determination takes considerably longer than the 2 min required for the single bolus method to allow for the collection of sufficient data from which to plot the rate of accumulation of 'Rb in the myocardium. (Although we used a 12-14 min infusion period, 6-8 min should be sufficient).
Notwithstanding the aforementioned considerations, technique did not appear to be a factor in determining the pattern of results. In CHD the mean CBF measured by the bolus method was not significantly different from the mean CBF measured by the CI method (P > 0.5). The same is true for MBF (P> 0.5) and the CBF-MBF difference (P> 0.4). The corresponding values in NCHD were P > 0.1, P > 0.2, and P > 0.5. All but two of the normal cases were studied by the CI method. The similarity of the mean myocardial ERb values for the two methods (51 and 56%) implies that blood sampling techniques were valid. Reassurance in this regard is especially important as far as the bolus method is concerned. This similarity, incidentially, is to be expected in spite of considerable contrasts between the methods in terms of magnitude and rate of change of Rb+ blood levels, since an active transport mechanism is involved. With continuous infusion blood levels of 84Rb rise steeply and then reach a plateau indicating a steady state in which rate of delivery of isotope equals rate of tissue uptake (16) . It may be questioned whether our blood samples were always drawn after the onset of this plateau. Assuming uniform and constant whole-body extraction, the relative blood level of a substance infused at a constant rate will be a function of the number of complete circuits through the vascular system after the start of infusion. The number of circulations required to reach a plateau will depend inversely on the extraction ratio. Thus, with an ERb of 39% (the mean value in the normals group) the blood level reaches within 1% of its plateau in 10 circulations. This is equivalent to 4.2 min assuming a circulation time of 25 s.' In all cases our blood sampling commenced no earlier than 6 min after the start of infusion, which appears thus to have afforded an adequate margin of safety, especially since the higher ERb in the non-normal groups would be expected to provide an even earlier plateau.
The validity of the CI technique depends upon accurate measurement of the rate of uptake of isotope by the myocardium. Some investigators have found this to be troublesome and furthermore have claimed that such uptake is not a linear function of time (13, 31, 32) . Nevertheless, we have encountered no difficulty in this regard: in the cases studied by CI technique, we obtained excellent linear correlation between myocardial 84Rb uptake and time, as evidenced by an r value of 0.985±0.018 (mean±+SD; n = 30).
The linearity of infusion rate is likewise an important consideration. We believe our technique was satisfactory in this regard (see Methods).
In considering precordial detector size one can certainly question whether a diameter of 4 inches would effectively cover the range of heart sizes to be encountered and whether the myocardial uptake would not be underestimated in large hearts. Normal AIBF values reported by other investigators using the 84Rb method (13) (14) (15) 18) are some 35% lower than ours. We suspect a methodological basis for this difference: the increased resolution of our instrumentation as well as advantages conferred by improved mechanical design, as discussed in Methods, would be expected to yield higher net myocardial counts.
We have found CBF and MBF to be significantly below normal in the group of patients with CHD. This is in agreement with the findings of Cowan et al. (15) (2, 4, 7, 33) . AMore recently, however, Klocke and his collaborators (3) have used a hydrogen desaturation method in which attention is paid to the crucial importance, because of heterogeneous flow, of delivery method, sampling period, and precision of measuring technique. They found lower average flows in CHD. However, their patients were few in number and several of those "without coronary artery disease" we would have placed in the NCHD category. Cannon, Dell, and Dwyer (34) have approached the problem of nonuniform flow by using a multiple-crystal scintillation camera for external monitoring of myocardial 'lXe washout. They also found average unit flows to be lower in the presence of coronary artery disease than in patients with normal coronary arteries. However, the great majority of the latter had cardiac pathology and therefore were not truly normal.
In the NCHD group we have found both CBF and MBF to be significantly less than normal. Why this should be so is a challenging puzzle. In the case of CHD, MVO2 was subnormal and this was accompanied by a significant trend toward anaerobic metabolism (Fig. 2) . Since the TTI was not significantly less than normal and gross cardiac volume was significantly greater, it is likely that the demand of the myocardium for oxygen was greater than the coronary circulation could supply and hence the tendency to anaerobiasis. On the other hand in NCHD, MVO2 was similarly diminished but this was not accompanied by a significant anaerobic trend. It might, therefore, appear that in CHD, MIVO2 was determined by perfusion whereas in NCHD perfusion was determined by MVO2. It is paradoxical that this parameter was reduced despite a significantly increased gross heart volume and a TTI that was certainly not less than normal. One may speculate that these determinants of MVO2 important though they may have been, were counterbalanced by that of myocardial contractile state, depression of which is known to occur in the presence of myocardial hypertrophy or failure (35, 36) . Thus, it could be argued that depression of CBF in NCHD is the result of autoregulation.
It is necessary to acknowledge the possible role played by probe size in the genesis of our results. In a heart too large to be entirely included within the field of a 4 inch detector pair, Rb uptake and therefore whole-heart flow will be underestimated. The flow value obtained might actually be normal if the mass of myocardium remaining within the field were sufficient, but if pure dilatation were present, then the absolute mass of myocardium seen by the detectors and therefore the flow, might appear less than normal without there having been any change in flow per unit mass. We indeed found that total heart volumes calculated from chest radiographs were higher than normal in CHD and NCHD; can it be that cardiac dilatation solely explains the apparent reductions in flow in the pathological groups? We cannot refute this possibility with complete certainty but the following observations may be pertinent. We do not find that the larger the heart, the lower the flow: CBF as a linear function of total heart volume (n= 54) yields a correlation coefficient of only -0.04. As our concern is only with volume increases which extend beyond the coincidence field, it is perhaps more appropriate to consider the discrepancy between the area of a 4 inch diameter circle and the frontal area of the heart, rather than total volume. CBF considered as a linear function of this area difference yields a similarly poor correlation (r = 0.016; frontal area calculated from the long and broad axes utilized in the volume estimations (28) assuming an elliptical shape; in none of our 54 cases was frontal area less than that of a 4 inch circle).
MBF is derived on the basis of the Sapirstein hypothesis (19) according to which organ uptake of Rb is proportional to flow and a corollary of which is that the ERb of a given organ is equal to that of the whole body.
Furthermore, MBF will be the same as CBF under these conditions.
In the case of our normal subjects the conditions of the Sapirstein hypothesis were met since myocardial and body ERb values (Table II) that of the whole-body in CHD (P < 0.01) and NCHD (P < 0.05). Accordingly, MBF values were significantly lower than those of CBF (P < 0.01; P < 0.02). These findings could have been due either to the existence of a significant nonextracting component in the coronary circulation (i.e., a shunt) or depression of the active transport of Rb+ across the myocardial cell membrane.
If shunting were present one would expect to find parallel changes in measured oxygen extraction. Assuming that myocardial oxygen extraction ratio (E02) in extracting circuits is constant, then the greater the flow via nonextracting circuits the lower the overall E02 would be. This assumption is certainly true when oxygen extraction is already at its maximum as is likely to be the case when myocardial ischemia is present or when the shunt is large. In Fig. 3 myocardial E02 is plotted as a function of "possible shunting" expressed as percentage CBF-MBF difference. This figure shows coefficients of correlation of virtually zero in both CHD and NCHD. This tends to discount the possibility of true shunting.
The data in Table II shoxv myocardial ERb values in the normal patients to be significantly lower than those in the CHD (P < 0.01) and NCHD (P < 0.02) groups. This is the converse of the findings with respect to coronary flow in these groups. This relation between flow and ERb is in accord with the observations of Moir (37) . His studies on canine hearts showed coronary blood flow to be a major determinant of myocardial ERb, the higher the flow, the lower the extraction.
On this basis, therefore, our ERb data, whose measurement is independent of factors such as probe size, lend credence to the lower flow values obtained in CHD and NCHD.
Whole-body ERb was found to be significantly lower in normal patients as compared with CHD (P < 0.01).
Conversely mean CO values were higher in normals compared with the other groups and the differences close to being statistically significant (P < 0.1). It would seem reasonable indeed to conclude that these facts are not unrelated and that Moir's conclusions with respect to the heart are equally applicable to the body as a whole. Thus, our experience indicates that in the case of CHD and certain other forms of heart disease, particularly valvular, the total CBF is significantly less than normal; myocardial extraction of RbV is significantly greater than normal, most likely as a consequence thereof.
Yet, in abnormal hearts myocardial RbV extraction is low relative to that of the whole-body. We tend to think that this is due to depressed myocardial Rb+ transport rather than true shunting. In any event nutrient or effective CBF consistently underestimates total CBF in this group. 
